In Brief
Pang et al. describes a Tonian (1,000-720 Ma) filamentous fossil, interpreted as a mat-forming cyanobacterium that grew by binary fission, reproduced by fragmentation, weathered adverse conditions by akinetes, and fixed nitrogen in specialized heterocysts. It provides a minimum age for the rise of complex multicellularity in cyanobacteria.
SUMMARY
Cyanobacteria were the ultimate ancestor of all plastids and, for much of Earth's history, the only source of biogenic oxygen and a major source of fixed carbon and nitrogen. One cyanobacterial clade, subsections IV+V, is characterized by multicellularity and cell differentiation, with many members bearing specialized nitrogen-fixing (or diazotrophic) heterocysts and encysting akinetes [1] [2] [3] . Molecular clock estimates of the divergence time of this clade are highly variable, ranging from 2,000 Ma (mega-annum) [4] [5] [6] [7] [8] [9] to 500 Ma [10] . The older estimates are invariably calibrated by putative akinete fossils from Paleoproterozoic-Mesoproterozoic rocks around 2,100-1,400 Ma [3, 11, 12] . However, the interpretation of these fossils as akinetes has been questioned [13] , and the next oldest akinete and heterocyst fossils are 410 Ma [14] . Thus, the scarcity of reliable heterocystous cyanobacterial fossils significantly hampers our understanding of the evolution of complex multicellularity among cyanobacteria, their role in regulating geochemical cycles in the geological past, and our ability to calibrate cyanobacterial molecular clocks. Here, we report Tonian (1,000-720 Ma) filamentous cyanobacteria that are characterized by large cells, binary fission (for filament elongation), hormogonia (for asexual reproduction and dispersal), probable akinetes (for survival in adverse conditions), and by implication, diazotrophic heterocysts. The new fossils provide a minimum age calibration on the divergence of subsections IV+V and place a firm constraint on the evolution of akinetes and heterocysts.
RESULTS

General Morphology
The fossils were collected from the Tonian (1,000-720 Ma) Liulaobei Formation in the Huainan region of North China ( Figure S1 ) and are described as Anhuithrix magna new genus and new combination (Figures 1, 2 , and 3A-3F; see Data S1 for systematic description). They are uniserial filaments occurring as aggregates with other filamentous fossils to form microbial mats (Figures 1A, 1B, and 1E) or as isolated individuals ( Figures 1C  and 1H-1K ). When preserved as aggregates, filaments seem to be embedded in a common mucilaginous matrix as represented by the faint amorphous organic matter surrounding the aggregates (white arrowheads in Figure 1A ). When preserved in isolation, trichomes may be enveloped by a thin and non-lamellated extracellular sheath as indicated by the faint organic membranes enveloping loosely concatenated cells (arrowheads in Figure 1H ). Individual filaments can be straight, curved, bent, or twisted ( Figures 1C, 1E , 1J, and 1K), with a diameter of 141-615 mm (mean = 359 mm; SD = 81 mm; n = 330; Figure 4B ) and a length up to 2 cm. Trichomes each consist of 3-140 cells, with 3-14 cells per mm length. Some trichomes show evidence of fragmentation (Figure 2A ), resulting in shorter trichomes with rounded terminal cells ( Figure 2B ). Cells can be tightly arranged with narrow gaps in between ( Figures 1G and 1K ) or loosely concatenated with notable gaps (Figures 1D and 1I ). Individual cells occasionally deviate from linear alignment (arrows in Figure 1K) , perhaps due to taphonomic dislocation. Apical cells are globose ( Figures 1F, 2B, 2D , and 3D), hemispherical (Figure 2A) , obtusely rounded ( Figure 3A ), or conical ( Figure 1C ). Medial cells are discoidal ( Figures 1G, 1H , and 1J) to isodiametric ( Figure 1D ) in shape, sometimes with constrictions at cell boundaries or septa ( Figure 1K ). The discoidal nature of the medial cells can be appreciated in obliquely compressed cells, where lateral cell walls are darker or better preserved than transverse septa ( Figures 1H and 2G ). Cells are relatively large, 56-425 mm in length (mean = 173 mm; SD = 55 mm; n = 1,602) and 113-614 mm in width (mean = 304 mm; SD = 73 mm; n = 1,602), with cell length/width ratios mostly %1 (Figure 4A ). Paired cells are occasionally present ( Figure 2A) ; these cells are typically 0.5-13 the length of neighboring un-paired ones, so that the lengths of the longest and shortest cells in the same trichome are plotted mostly between the 2:1 and 1:1 lines ( Figure 4C ). What distinguishes A. magna from other filamentous fossils is the sparse presence of distinctively large globose cells, 364-800 mm in diameter (mean = 492 mm; SD = 163 mm; n = 6), that can be present terminally ( Figures 1F, 2D , and 3D) or medially ( Figures 2C, 2E , and 2F). . In this and other figures, all photographs are reflected-light microscopic images unless otherwise noted, and NIGPAS museum catalog numbers (prefix PB-) are given for illustrated specimens. See Figure S1 for fossil locality and horizon and Data S1 for systematic description. NIGPAS, Nanjing Institute of Geology and Palaeontology. cyanobacterial fossils [15, 16] . However, cell pairs (Figure 2A ), large globose cells occurring terminally or medially (Figures 1F, 2C-2F, and 3D), and hemispherical or terminally rounded apical cells (Figures 2A, 2B , and 3A) are regarded as biological features because of their stable shape and consistent occurrence. As such, short trichomes with rounded terminal cells ( Figure 2B ) likely represent biological fragmentation, as opposed to taphonomic artifacts where cell dislocation, rotation, shrinkage, and breakage would occur ( Figure 2G ).
Filament Elongation through Binary Fission
Cell pairs in A. magna are interpreted as evidence for transverse binary fission, a process of cell division in the plane perpendicular to trichome length, and a growth mechanism in filamentous bacteria (e.g., the extant cyanobacterium Johannesbaptistia) and eukaryotes [2, 17] . Cell shrinkage sometimes can produce spool-shaped bodies in filamentous cyanobacteria [15] , superficially resembling cell pairs after cell division. However, cell pairs in A. magna are morphologically consistent and do not show evidence of stronger shrinkage than neighboring cells; thus, they likely represent cell division rather than taphonomic shrinkage. Cell pairs in A. magna are different from the Mesoproterozoic red alga Bangiomorpha, where cell pairs are hierarchically nested [18] . Instead, they are broadly similar to binary fission in cyanobacteria [17] . This interpretation is also consistent with morphometric data showing that length ratios of the longest to shortest cells in the same trichome are mostly within the range of 1.0-2.0 ( Figure 4C) ; as binary fission tends to halve the cell length in each cell division, the ratios are expected to be in the range of 1.0-2.0 considering growth after each cell division. Hormogonium Formation through Fragmentation Short trichomes with hemispherical or terminally rounded apical cells are interpreted as hormogonia, which are short and motile segments of trichomes for asexual reproduction and dispersal purposes. Their apical cells are similar to those in hormogonia of modern filamentous cyanobacteria (e.g., Figure 1 .16 of reference [19] ) but different from deflated, broken, rotated, or dislocated terminal cells in fragments produced by post-mortem disintegration ( Figure 2G ). Short trichomes of A. magna consist of 3-10 cells, similar to modern cyanobacterial hormogonia, which typically have <15 cells [2] . Anhuithrix magna as a Heterocystous Cyanobacterium Large globose cells in A. magna are interpreted as resting cells akin to akinetes in subsections IV+V of modern cyanobacteria [1] . Akinetes are typically distinguished from vegetative cells by their relatively large size, an envelope enriched in less watersoluble polysaccharides, and a thicker cell wall [11, 20] . These features enable akinetes to survive adverse conditions and enhance their fossilization potential [11, 20] . Although heterocysts are also larger and thicker walled than vegetative cells, they tend to be regularly spaced (e.g., interspersed by 10-20 vegetative cells in Anabaena [2] ). Because of their irregular occurrence in the trichomes, the large globose cells in A. magna are interpreted as akinetes rather than heterocysts. Because molecular phylogenetic data strongly suggest that akinete-bearing cyanobacteria are nested within a clade of heterocystous cyanobacteria ( Figure S7 of reference [21] ) and also because modern akinetes occur almost exclusively in heterocystous cyanobacteria but the reverse is not true (Table S1 ), akinetes likely arose within heterocystous cyanobacteria, the origin of akinetes post-dates that of heterocysts, and akinetes are a robust proxy for heterocysts although the reverse is untrue. Thus, the presence of akinetes alludes to the possibility that A. magna is a heterocystous cyanobacterium (i.e., a member of subsections IV+V).
A cyanobacterium affinity for A. magna is additionally supported by the better preservation of the lateral cell walls relative to the septa, a feature best seen in obliquely compressed cells ( Figures 1H and 2G ) and often observed in other Precambrian cyanobacterial trichomes [22] . This differential preservation can be explained by the different structure and biochemistry between the lateral cell walls and septa of cyanobacterial trichomes [23] . The lateral cell walls of modern cyanobacterial trichomes typically consist of four layers, including two outer layers (L 3 and L 4 ) and two inner layers (L 1 and L 2 , although L 1 may be an artifact). Septum formation is initiated during cell division through Figure 1H ). Note fragmentation with broken terminal cells (arrowheads), probably due to post-mortem disintegration; PB21753. Table S1 and Data S1. centripetal ingrowth of the cytoplasmic membrane and layers L 1 -L 2 . Thus, septa only consist of layers L 1 -L 2 and lack layers L 3 -L 4 [23, 24] . Moreover, the synthesis of peptidoglycan, an essential component rigidifying cyanobacterial cell walls, ceases after an initial centripetal growth of layer L 2 , thus only the peripheral portion of the septa is rich in peptidoglycan [22, 23] . The combined result is that septa are relatively thin and deficient in peptidoglycan in comparison with lateral walls, accounting for the differential preservation observed in A. magna and other filamentous cyanobacterial fossils [22] . It should be pointed out that, although a peptidoglycan layer forms the septum in some gram-negative bacteria such as the sulfur-oxidizing bacteria Beggiatoa [25] , such a structural difference between the lateral and cross walls is not typical of filamentous eukaryotic algae [26] , which together with other morphological features suggests that A. magna is unlikely a eukaryote.
Scale bars, 500 mm ([A], [C], and [E]-[G]) and 200 mm ([B] and [D]). See also
Anhuithrix magna as a Benthic Microbial Mat Builder
Filaments of A. magna often occur as a main structural element in densely packed aggregates of filaments, where they are intertwined with each other and with other filamentous taxa such as Mucoplagum primitivum, Siphonophycus solidum, S. puntatum, and S. gigas ( Figures 1A and 3G-3I ). Amorphous carbonaceous material surrounding the aggregates is interpreted as extracellular polymeric substance (EPS). Similarly, amorphous carbonaceous material surrounding filaments is interpreted as mucilaginous sheath. Thus, A. magna was likely a benthic microbial mat builder.
DISCUSSION
A. magna is noted for its large cell size. Its akinetes and vegetative cells are larger than those of modern and fossil filamentous cyanobacteria (Tables S1 and S2) , although a few modern cyanobacteria (e.g., Lyngbya majuscula and Oscillatoria princeps) and filamentous fossils interpreted by some as cyanobacteria (e.g., Rugosoopsis rugososiusculus, Grypania spiralis, and Katnia singhii) do have comparable or even larger cell sizes. Cell size has traditionally played a central role in the phylogenetic interpretation of microfossils [27] , but the significant overlap in cell-size range between bacteria and eukaryotes (Table S2 ) [27, 28] means that phylogenetic interpretation has to be based on diagnostic morphological features (see Supplemental 
mm ([D] and [G]-[I]) and 500 mm ([A]-[C], [E], and [F]
). See also Data S1. BSE-SEM, backscattered scanning electron microscopy; EDS, energy dispersive X-ray spectroscopy.
Information for more discussion). The presence of binary fission, hormogonia, akinetes, and probably heterocysts in A. magna collectively suggests an affinity with subsections IV+V of cyanobacteria. However, the large cell size of A. magna prompts us to consider other modern analogs of large filamentous organisms.
Some modern green algae (e.g., Chaetomorpha spiralis and Spirogyra crassa; Table S2 ) have large uniseriate filaments. However, uniseriate filamentous green algae are usually composed of cells longer than they are wide [29, 30] , while large filamentous cyanobacteria tend to have cells wider than they are long [31] . This difference of cell length/width ratio reflects fundamental differences in genetics and metabolism between bacteria and eukaryotes. With short-lived messenger RNAs and the lack of a plumbing system for internal substance transport, large filamentous cyanobacteria tend to have flattened cells to reduce the cytoplasm volume and the distance between cell periphery and nucleoplasm [31, 32] . In contrast, green algae have relatively long-lived messenger RNAs, a cytoskeletal transport system, and sometimes multiple nuclei per cell, allowing the possibility of large elongate cylindrical cells that are sometimes an order of magnitude longer than they are wide [29, 30] . Thus, discoidal to isometric cells along with binary fission, hormogonia, and akinetes indicate that A. magna is probably a cyanobacterium rather than a green alga.
Sulfur-oxidizing bacteria are famous for their large cell size (Table S2) . Thiomargarita, for example, can be up to 750 mm in cell diameter [33] . However, its cell chains are pseudo-filamentous, consisting of cells separated from each other by a mucus sheath, in contrast to closely attached cells in the trichomes of true filamentous cyanobacteria [33] . Other sulfur-oxidizing bacteria, such as Thiothrix, Thioploca, and Beggiatoa, can form true filaments, but they are typically smaller than A. magna ( Table S2 ). Given that no sulfur-oxidizing bacteria are known to produce differentiated cells such as akinetes or heterocysts and that A. magna show no evidence of sulfur enrichment (Figures 3C 6 and 3F 6 ; cf. reference [34] ), A. magna is unlikely a giant sulfur-oxidizing bacterium.
We note that many modern heterocystous cyanobacteria are freshwater organisms [1, 2] , that diazotrophs in modern planktonic marine environments are dominated by non-heterocystous cyanobacteria [35] , and that ancestral state reconstruction (ASR) based on phylogenetic analysis of extant cyanobacteria suggests that heterocystous cyanobacteria may have been ancestrally non-marine [5, 9, 21] . However, ASR of cyanobacterial habitats in ancient geological past may not be reliable [13] , particularly when taxonomic sampling intensity is low and unequal among extant clades and when habitats of extinct forms are not considered. Although diazotrophic cyanobacteria in open marine gyres are dominated by non-heterocystous forms such as Trichodesmium, filamentous heterocystous cyanobacteria can be locally common and diverse in modern tropical oceans [35] , particularly in benthic microbial mats and cryptic endolithic environments [36, 37] . Akinete-bearing cyanobacteria are also found in modern estuarine and coastal sediments and waters [38, 39] . However, these marine heterocystous Tables S1 and S2 for cell size measurements of living and fossil cyanobacteria, sulfur-oxidizing bacteria, and green algae. cyanobacteria are poorly represented in ASR analyses [5, 9, 21] . For example, heterocystous cyanobacteria in tropical marine endolithic environments (e.g., Herpyzonema, Mastigocoleus, and Kyrtuthrix) [37] are not included in ASR analyses, and some genera (e.g., Scytonema, Calothrix, and Microchaete) are categorically regarded as freshwater although they include marine species [37] . Even if the ASR results are correct and heterocystous cyanobacteria evolved in freshwater environments, it remains possible that they invaded Proterozoic oceans and were more abundant when redox conditions were different from fully oxygenated modern oceans, where heterocystous cyanobacteria are less competitive than non-heterocystous ones [40] .
As an akinete-bearing heterocystous cyanobacterium, Anhuithrix magna can help constrain the origin and early evolution of subsections IV+V. The fossil record of heterocysts and akinetes is scarce and disputed [13] . Most reported heterocyst and akinete fossils from Precambrian rocks are probably diagenetic or taphonomic artifacts (see reference [11] for summary). One exception is Archaeoellipsoides, which mostly occurs in 2,100-1,400 Ma (mega-annum) rocks and has been interpreted as an akinete fossil [3, 11, 12] . As akinete is a robust proxy for heterocysts, Archaeoellipsoides has been inferred to be heterocystous and used as a key calibration on subsections IV+V in molecular clock studies [5] [6] [7] [8] [9] , which invariously give a divergence time for subsections IV+V very close to the chosen age of Archaeoellipsoides. When Archaeoellipsoides is not used as a fossil calibration, a molecular clock estimate gives a drastically younger divergence time of 500 Ma for subsections IV+V [10] , highlighting the influence of Archaeoellipsoides as a calibration. Recently, the interpretation of Archaeoellipsoides as an akinete has been challenged because of the lack of associated cellular trichomes or extracellular sheaths [13] . Excluding Archaeoellipsoides, the only other heterocyst and akinete fossils are Langiella scourfieldi and Kidstoniella fritschi from the early Devonian Rhynie Chert (410 Ma) [14] . A. magna addresses Butterfield's [13] criticisms of Archaeoellipsoides as an akinete (i.e., lack of associated trichomes or sheaths) and represents a compelling record of akinete-forming and implicitly heterocystous and diazotrophic cyanobacteria. As an akinetebearing cyanobacterium, A. magna provides a minimum age estimate of the divergence of subsections IV+V, challenges molecular clock estimates that place this divergence at 500 Ma [10] , and may offer an independent constraint on the redox condition of Tonian oceans insofar as heterocysts are an evolutionary innovation in response to rising pO 2 levels [3] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
